Abstract: An optical gas sensor is presented, making use of a dispersed supercontinuum source, capable of acquiring broad bandwidth spectra at ultrahigh wavelength sweep and repetition rates. Wavelength sweeps from 1100 nm to 1700 nm can be performed in 800 ns at a spectral resolution of 40 pm. This is comparable to line-widths of molecular spectra at atmospheric pressure. Quantitative measurements are presented of CH 4 employing 80 nm wide sweeps over the P-Q-and R-branches of the 2ν 3 transition near 1665 nm, at rates exceeding 100 kHz. The effective acquisition rate is determined by the amount of averaging required, and the effect of this averaging on observed precision is investigated.
Introduction
Tunable broadband light sources are desirable for many gas sensing applications. This is particularly true in the near-infrared (IR) spectral region, where many gaseous species of interest for chemical processes or atmospheric applications have vibrational overtone transitions. Absorption based sensing with near-IR diode lasers has successfully been employed in a wide variety of combustion, process and pollutant monitoring applications [1] [2] [3] . Wide laser tuning ranges allow the simultaneous measurement of spectra of multiple species. Furthermore, the ability to measure a large number of lines for each species also leads to reduced cross-species interference, and allows gas temperatures to be inferred from the relative strengths of lines. The wavelength tuning rate should be fast on the timescales of the process studied. In turbulent combustion processes, for example, typical timescales range from microseconds to milliseconds. Whereas gas sensing has been demonstrated using diode lasers both at high repetition and tuning rates [4] [5] [6] [7] [8] or over wide spectral ranges [9] [10] [11] , there have been very few reports on combining wide bandwidth tuning with very high tuning rates using diode laser technology [12] . This has sparked an increased interest in the use of alternative light sources, such as dispersed supercontinuum sources [13] or Fourier-domain mode-locked lasers [14] .
Broadband supercontinuum radiation, with spectral widths exceeding 1000 nm, can be conveniently generated by launching intense pico-or femto-second laser pulses into optical fibres [15] . Rapid wavelength sweeps can be achieved by sending the short pulses through a highly dispersive element, such as a long fibre. In this fashion broad-band spectra can be recorded at high repetition-rates through detection in the time domain [13, [16] [17] [18] . The spectral resolution of such a measurement is determined by the amount of dispersion employed and by the electronic bandwidth of the detection system.
In this paper we describe the construction and application of an absorption spectrometer based on a supercontinuum generated by launching ps pulses into conventional single-mode fibre. It features a spectral resolution of around 40 pm, which is an improvement over previously reported designs [13, [16] [17] [18] . As the spectral resolution is comparable to the width of molecular spectral lines at atmospheric pressure, it permits quantitative measurements of gas concentration to be performed. Spectra covering several hundred nanometers in bandwidth, can be recorded at repetition rates exceeding 1 MHz. We report what we believe is the first use of such a dispersed supercontinuum source for quantitative high-speed gas monitoring. Broadband spectra of CH 4 (1620 nm to 1700 nm) are recorded and used for CH 4 concentration tracking at rates exceeding 100 kHz in order to demonstrate the technology. The effect of spectral averaging which improves the signal-to-noise ratios but reduces temporal resolution is evaluated, in particular in relation to measurement precision.
Experimental apparatus
The experimental set-up employed for the supercontinuum based absorption measurements is illustrated in Fig. 1 . Broadband supercontinuum radiation was generated by launching intense picosecond pulses into a 10 m long single-mode fibre (Corning, SMF28). Normally a photonic crystal fibre is employed for this purpose [15] , however, efficient spectral broadening can be achieved in a conventional single-mode fibre by employing sufficiently high pulse energies [19, 20] . The pump laser (Fianium, FemtoPower 1060) was a passively mode-locked ytterbium fibre laser emitting 5 ps long pulses at a centre wavelength of 1064 nm. An acoustooptic pulse picker allowed the repetition rate to be varied between 0.3 MHz and 20 MHz. For the experiments reported here a repetition rate of 1.133 MHz was employed, which is the highest repetition rate at which the generated dispersed supercontinuum sweeps remain temporally separated. At this repetition rate the average output power was around 0.82 W, corresponding to a pulse energy of around 0.72 μJ. The pulse energy of the generated supercontinuum was around 0.23 μJ, corresponding to a launching efficiency of around 30%. The spectral profile of the generated supercontinuum radiation extending over more than 700 nm, is shown in Fig. 2 . The pump wavelength is located in the normal dispersion regime of the SMF28 fibre, which features a zero-dispersion wavelength (ZDW) of 1312 nm. The supercontinuum is seen to cover the spectral region stretching from 1300 nm to 1700 nm, which is a region of interest for near-IR absorption spectroscopy of a large number of small molecules. The intensity is seen to decrease from about 100 pJ/nm at 1300 nm, to about 6 pJ/nm at 1700 nm. The apparent ripple around 1400 nm is due to absorption by water vapour present in the optical spectrum analyzer (OSA) used for the spectral characterization. The broadband supercontinuum pulses were then launched into a second fibre, via free-space coupling. This creates the rapid wavelength sweeps, as different spectral components of the pulse travel through the fibre at different group velocities. The fibre employed for this purpose was a dispersion compensating module (DCM), featuring large negative dispersion (Fujikura, G652-C+L-band SC-DCFM). The dispersion characteristics of the fibre, measured using a novel time-of-flight technique developed by the authors [21] , are shown in Fig. 3(a) . The absolute value of the dispersion is seen to increase from 0.9 ns/nm at 1300 nm to 2.2 ns/nm at 1650 nm, which causes the output from the DCM to sweep from 1300 nm to 1700 nm in approximately 600 ns. The spectral transmission characteristics of the DCM are shown in Fig.  3(b) . The peak transmission, around 1600 nm, is about 18% (7.5 dB), and drops to about 3% (15 dB) at 1300 nm and 1750 nm. The pulse energy after the DCM was around 4 nJ, and covered a spectral width of about 600 nm. The dispersed supercontinuum pulse, exiting the DCM, is then collimated before passing through the measurement region, and is finally launched back into a single-mode fibre again. The transmitted intensity is detected by a 10 GHz bandwidth preamplified photodiode (Terahertz Technologies, TIA-3000). The photodiode output is finally digitized using a 8 GHz bandwidth real-time oscilloscope (Tektronix, TDS6804B, 20 GS/s), making it possible to observe and store a large number of individual wavelength sweeps. Absorption spectra were also recorded with higher spectral resolution, using an OSA operating at a resolution of around 15 pm (Yokogawa, AQ6317C). For the absorption measurements presented here the test object consisted of the unburnt CH 4 /air gas mixture (about 20% CH 4 ) exiting a flat flame burner [22] . The burner featured two concentric burner plates, providing a homogeneous CH 4 /air stream surrounded by a coflow of air. A multi-pass arrangement was employed to provide an effective path length of around 10.5 cm through the unburnt gas mixture. is shown as a function of arrival time at the detector. The instantaneous wavelength, which is determined using the DCM dispersion curve shown in Fig. 3(a) , is indicated at the top of the figure. Due to the negative dispersion of the DCM the longest wavelengths arrive first at the detector. The spectral width of the dispersed supercontinuum is around 600 nm, and this range is scanned in only 800 ns. The width of the dispersed supercontinuum is limited by the transmission curve [ Fig. 3(b) ] of the DCM, however, the exact spectral envelope is also determined by the spectral envelope of the supercontinuum (Fig. 2) , the spectral response of the photodiode (which decreases rapidly above 1700 nm), and the wavelength dependence of both beam collimation and fibre launching efficiencies for the broadband supercontinuum beam.
Results and discussion
Two sets of absorption lines are clearly seen in the transmission trace. The first group of peaks, extending from 1620 nm to 1700 nm, corresponds to the P-, Q-, and R-branches of the 2ν 3 vibrational overtone transition in CH 4 . The second group of peaks, extending from 1350 nm to 1420 nm corresponds to overtone transitions in H 2 O. This water absorption is caused by the water vapour present in both the air supplied to the burner and the surrounding ambient air. The trace shown in Fig. 4 corresponds to an average of 1000 wavelength sweeps, for which the total acquisition time was around 0.9 ms. The ripple observed above 1500 nm, which has a period of around 3.5 nm, is thought to be caused by weak etalon effects. The transmitted intensity in the region covering the CH 4 absorption lines is shown in Fig. 5(a) , where the solid line corresponds to an average of 1000 wavelength scans. The fluctuations in intensity are indicated by the shaded area in the background, which corresponds to the standard deviation of the intensity profile. The fluctuations in the intensity profile are observed to be quite large, with a relative standard deviation of around 50% at the centre of the spectrum. The corresponding absorbance spectrum can be calculated from the transmitted radiation, by fitting a baseline to the experimental spectrum shown in Fig. 5(a) . The resulting absorbance spectrum, is shown in Fig. 5(b) . For this averaged spectrum the observed signalto-noise ratio was around 190 for the strongest peak in the R-branch and around 80 for the strongest peak in the P-branch. The signal-to-noise ratio is thus relatively good considering that an 80 nm wide spectrum, covering almost the entire P-, Q-, and R-branches, was recorded in less than a millisecond. The spectral resolution of the dispersed supercontinuum absorption measurement is around 39 pm in this spectral region, which is close to the actual width of the CH 4 lines, which is around 38 pm at atmospheric pressure and room temperature. The The same CH 4 absorption spectrum was also recorded using an OSA for detection, see Fig.  5 (c). As this is a scanned grating spectrometer, the acquisition time for the entire spectrum is more than 5 orders of magnitude longer (around 170 s). The spectral resolution of the OSA is around 15 pm, approximately three times better than that of the dispersed supercontinuum measurement. To allow a direct comparison between the two spectra, the spectrum recorded (C) 2007 OSAusing the OSA was convolved with a Gaussian filter (FWHM=36 pm) to yield the same spectral resolution. The two spectra are seen to agree reasonably well.
A calculated spectrum, corresponding to the same conditions as in the experiment is shown in Fig. 5(d) . Line strength and line shape data were taken from the HiTran 2004 database [23] . The HiTran spectrum has been convolved with a Gaussian filter, the width of which (FWHM=39 pm) corresponds to the experimentally determined spectral resolution of the absorption measurement. Figure 6 shows a fit of two of the measured spectral lines in the R-branch with the HiTran spectrum, and good agreement is seen. The absorption peaks acquired using the dispersed supercontinuum all feature a small side lobe on the low wavelength side. This is an artefact caused by a small oscillation after the main peak in the apparatus function of the detection system, as will be discussed later on. The CH 4 concentration was determined from the measured absorption spectra by fitting the strength of the individual HiTran peaks, which were calculated at the experimental pressure and temperature, to each of the experimentally measured peaks. The width of each HiTran peak was matched to the width of the corresponding experimental peak, though fitting the width of the Gaussian filter employed for the convolution. This fitting must be performed directly in the transmission spectrum, to conserve area under the transmission curve following the convolution. For each peak the line centre position as well as a 4th order polynomial baseline, were also fitted. Figure 7 shows one of the CH 4 lines, along with the fitted baseline, the fitted convolved HiTran peak, and the original HiTran peak. Once again the distortion of the line shape on the low wavelength side is apparent in the experimental spectrum. This is caused by an oscillation in the impulse response of the detection system, which is clearly seen in the experimentally measured apparatus function shown in the inset of Fig. 7 . The observed shape of the impulse response is characteristic of high bandwidth oscilloscopes [24] . Fig. 5(a) . The experimental transmission spectrum is shown in blue and the baseline fitted to this curve in green. The corresponding peak calculated using HiTran line parameters at the experimental conditions is shown in yellow. The red trace corresponds to the calculated peak convolved with a Gaussian kernel (FWHM=39 pm) to match the experimental resolution. Inset: Measured impulse response of the detection system.
From the determined intensity scaling factor between each experimental and HiTran peak, the CH 4 column density (molecules/m 2 ) could be determined. For the determination of the column density a weighted average of the peak scaling factors was employed. The relative weight of each peak was determined by its line strength and its baseline intensity, in order to give larger importance to peaks featuring higher signal-to-noise ratios. Finally, the concentration could be determined from the column density by dividing with the path length. The CH 4 column density determined from the spectrum shown in Fig. 5(b) , which corresponds to a CH 4 concentration of 19.7% in the fuel/air stream, using an estimated value of 10.5 cm for the path length through the open gas stream. This agrees reasonably well with the concentration determined using the rotameters controlling the air and CH 4 flow rates, which was 20%. However, a direct comparison is of limited value in the present case, as we estimate that neither the exact path length through the open gas stream nor the flow rates could be determined with accuracies better than a few percent. A more accurate comparison can be made, however, with the column density determined from the CH 4 spectrum recorded using the OSA, as this instrument comes close to fully resolving the spectral lines. The column density determined from the OSA spectrum shown in Fig. 5(c) , and thus the agreement between the two values is within 1.5%.
The temporal resolution of this type of concentration measurement is determined by the repetition rate of the pump laser and by the number of wavelength scans averaged before each concentration measurement datum is calculated. In the present case the maximum repetition rate of the pump laser is restricted to around 1 MHz, in order to avoid overlapping the blue wing of one spectrum with the red wing of the following spectrum. The amount of averaging, however, is only dependent on the level of precision required. The top pane of the movie in Fig. 8 shows sequentially recorded experimental spectra, corresponding to averages of only 10 wavelength scans. The total acquisition time for each of those spectra was thus only 9 μs, corresponding to a continuous acquisition rate of 113 kHz. This is sufficiently fast to effectively freeze and resolve almost any turbulent or reactive flow process. The bottom pane shows the time-series of CH 4 column density data determined from the individual spectra. The entire movie sequence covers just over 1 ms, in which time 120 independent concentration measurements are performed. The time series of CH 4 column densities is seen to be stable, with a relative scatter of only 2.6%. As the gas flow can be considered stable on such short timescales, the scatter in the evaluated column densities represents the precision of the dispersed supercontinuum measurement. In Fig. 9 the measured column density is shown as a function of the amount of averaging employed, which effectively determines the continuous acquisition rate as the repetition rate of the laser is kept constant. As expected the precision in the measurement decreases with increased acquisition rate, from 0.8% at 5.6 kHz to 2.6% at 113 kHz, as less and less averaging is employed. It is possible to increase the spectral resolution of the absorption measurement by increasing the amount of dispersion employed. In Fig. 10 , a CH 4 absorption spectrum recorded using two dispersion compensating modules instead of one is shown. The use of two DCMs doubles the dispersion, to around 4.4 ns/nm, resulting in a spectral resolution of around 22 pm. It should be noted that the resolution obtained is close to the fundamental limit set by the uncertainty principle, as the short temporal detection window employed ultimately limits the width of the instantaneous wavelength [25] . The use of dual dispersion modules is particularly valuable for achieving good spectral resolution at shorter wavelengths where the dispersion is lower. At the location of the H 2 O band shown in Fig. 4 , around 1400 nm, the dispersion of a single module is only 1.0 ns/nm, which is about half that of the dispersion in the CH 4 region.
As the introduction of a second DCM leads to a reduction of more than 8 dB in laser power, see Fig. 3(b) , the signal-to-noise ratio is degraded correspondingly. With the present optical throughput efficiency this forces the use of relatively long averages (1000 scans were used in Fig. 10 ), thus limiting maximum acquisition rates. It is expected that the use of spliced fibre connections, rather than free-space connections as currently employed, would lead to sufficient improvements in optical throughput to allow the use of double dispersion modules even for high-speed measurements. 
Conclusion
A dispersed supercontinuum source, capable of acquiring absorption spectra covering hundreds of nanometres at high acquisition rates has been presented. The spectral resolution obtained, 40 pm, is high enough to allow quantitative measurements of gas concentration to be performed at atmospheric pressure conditions. The potential for rapid on-line gas sensing was demonstrated by recording 80 nm wide absorption spectra of the 2ν 3 transition in CH 4 , around 1665 nm, at acquisition rates exceeding 100 kHz. From the spectra a quantitative measurement of the CH 4 column density, at the same high repetition-rate, could be made. This work demonstrates the capability of this type of sensor to continuously measure concentrations of major species in gas mixtures, at repetition rates which are fast enough to resolve most dynamic turbulent flow or combustion phenomena.
The use of a direct absorption technique, as employed here, limits the sensitivity possible to obtain. Further development will therefore address the use of either a balanced detection or cavity enhanced scheme to allow lower absorbances to be probed accurately.
The work presented here was focused on the acquisition of spectra in cold flows, whereas current efforts are aimed at extending those capabilities to acquiring spectra of similar quality in reactive flows. This work is motivated by the strong demand for rapid multi-species measurements in many combustion applications, for which dispersed supercontinuum sources show great promise. 
